and their impaired function may lead to pathological situations, such as nephrogenic diabetes insipidus and congenital cataract of the eye (Borgnia et al., 1999; Ko- 
the transmembrane proton gradient in the cell (Mitchell, 1961) . However, this property is somewhat unexpected given the presence of a chain of water molecules in the pore. Water chains embedded in biological channels are known to mediate the long-range movement of H ϩ via a hop-and-turn Grotthuss relay mechanism (de Grotthuss, 1806; Nagle and Morowitz, 1978; Agmon 1995; Pomè s and Roux, 1996 Roux, , 1998 . In this process of structural diffusion, the excess proton need not diffuse through the pore. Instead, successive transfers (hops) exchange hydrogen nuclei along hydrogen bonds forming an extended network (proton wire); because this process inverts the polarity of proton-relaying groups, proton hopping is complemented by the reorientation (turn) of each group in the chain (Pomè s and Roux, 1998 . Together, these two steps, which correspond respectively to the propagation of an ionic and a bonding defect, result in the long-range displacement of H ϩ in proteins (Nagle and Morowitz, 1978; Pomè s and Roux, 1996) . Detailed theoretical studies of water wires embedded in native and chemically modified forms of the gramicidin channel have uncovered the balance of factors at play in the molecular mechanism of proton translocation (Pomè s and Roux, 1996 Yu and Pomè s, 2003) . In particular, these studies have shown how structural fluctuations of the hydrogen-bonded network formed by the water chain and the channel mediate the rapid, of the connectivity of the hydrogen-bonded network. MD simulations have shown that permeating water molhydrogen-bonded network in the single-file region of the ecules adopt a preferential orientation in the single-file GlpF channel successively with and without an excess region of the GlpF pore . One proton. The reversible work for the turn step of structural water molecule accepts two hydrogen bonds from the diffusion is computed by modulating the arrangement two NPA motifs and orients perpendicularly to the chanof water dipoles in the GlpF pore in the absence of an nel axis, and the water molecules on either side form excess proton. We then characterize the hop step of polarized hydrogen-bonded chains extending in oppothe Grotthuss mechanism by computing the potential site directions . This bipolar of mean-force for forcing an excess proton through organization was ascribed to the opposed dipoles of the GlpF pore. Analysis of the free energy profiles for the M3 and M7 helices (Murata et al., 2000; Tajkhorshid the translocation of bonding and ionic defects in the et al., 2002) as well as to hydrogen-bond donation by water chain indicates that proton blockage is essentially the NPA motifs . Because the achieved by the electrostatic field of the channel. bipolar arrangement, with OH bonds pointing outwards, is incompatible with the uptake of an excess proton into Results the pore from either end, it was proposed that proton blockage results from orientational control (Tajkhorshid The simulated molecular system is shown in Figure 1 The 20 Å long constriction region of the GlpF monomer exclusion arises from the disruption of the single-file accommodates nine water molecules in single-file arwater chain in the narrowest part of the pore, which is rangement. Hydrogen-bonding partners of these water formed by an arginine and by two aromatic residues at molecules include the backbone carbonyl groups (CϭO) the periplasmic mouth. However, the translocation of a of residues 64-67 and 199-202, which protrude into bonding defect has not been considered, and neither the channel. The other hydrogen-bonding groups lining of these two postulates has been tested in the presence the channel consist of the positively charged residue of an excess proton in the lumen.
Arg206, near the periplasmic mouth, and the two con-To gain a better understanding of the thermodynamic served asparagines (Asn68 and Asn203) of the NPA mobasis of proton exclusion in AQPs, we use molecular simulations to examine the structural fluctuations of the tifs ( In both simulations, a gap in O peaks 2 and 3 at z ‫ف‬Ϫ2 Å points to a resilient interruption in the hydrogen-bonded water chain. However, water molecules near the periplasmic end of the pore are somewhat less mobile in the present simulations, which reflects the fact that no net permeation of water was allowed by construction. The distribution of O atoms obtained in the absence of restraints suggests that water permeation gives rise to the occasional migration of this hydrogen-bonding defect. The potential of mean force (PMF) for the turn step filter. Conformer IV, with the excess proton on water 8, lies 2.5 kcal/mol below the barrier top. In both conformations II and IV, the water molecule hosting H ϩ is coordi-(Pomè s and Roux, 1996 . Throughout the translocation process, the polarization of all water molecules nated by three hydrogen-bond acceptors, two from neighboring single-file water molecules and one from a in the chain is dictated by the location of the excess proton, with water dipoles pointing away from the center protruding channel carbonyl group (of Phe200 and His66, respectively), mimicking the optimal solvation of of charge. Thus, when the excess proton is at the edge of the constriction pore, the water chain is polarized, protonated water observed in bulk water (Agmon, 1995; Tuckerman et al., 1995) and in the gramicidin channel similar to conformations A and C (see Figure 3 ) of the static field contribution to the ESP for the translocation of a (point) charge through the pore also exhibits these two features (Figure 5, bottom) . Although the total electrostatic barrier is dominated by effects arising from dielectric boundaries (reaction field), the agreement between PMF, ESP, and static field profiles indicates that the free energy for the movement of H ϩ in the singlefile region is essentially determined by the distribution of charge of the channel. The continuing drops in total electrostatic energy beyond the single-file region (below z ϭ Ϫ6 Å and above z ϭ 14 Å ) suggest that the electrostatic barrier opposing the passage of a cation in the channel originates well outside the narrow pore region. This barrier is not very sensitive to the size of the ionic probe. The ESP profile is identical for a smaller probe ion (radius of 1.4 Å ) and does not change appreciably for a larger ion such as potassium (radius of 2.03 Å ), except at the bottleneck formed by the selectivity filter, where dielectric effects due to size exclusion result in the emergence of an additional peak centered at Arg206.
Discussion

Electrostatic Control
We have computed the free energy profiles for both hop and turn steps of the Grotthuss mechanism in the singlefile region of the GlpF channel. The two PMF profiles, an asymmetric well for the turn, and an asymmetric barrier for the hop, mirror each other in two important respects. First, both extrema are located at the NPA mol) is roughly half the size of that opposing the ionic translocation from the periplasmic end (4.5 kcal/mol). Together, these features strongly suggest that the unprotonated water chain; with H ϩ on water 6, the bipoforces opposing both hop and turn steps of the Grotlar orientation of water molecules 1-5 and 7-9 is identical thuss mechanism have the same physical origin. The to that of conformation B. overall agreement between the hop PMF and the energy To gauge the effect of the electrostatic field on the profile obtained from continuum electrostatic calculatranslocation of cations throughout the channel, we tions ( Figure 5) indicates that the free energy profile computed the electrostatic potential (ESP) energy proopposing proton transfer trough the pore is essentially file for the movement of a cationic probe along the pore determined by electrostatic forces. Thus, the electroin the continuum limit of the solvent (Figure 5) . The Born static field governs not only the structure and fluctuaradius of this ion (1.66 Å ) was chosen based on the tions of the unprotonated water chain, but also the free hydration free energy of hydronium (see Experimental energy barrier for an excess proton. Procedures). The ESP profile consists of a 11 kcal/mol barrier centered at the NPA site (z ϭ 5.5 Å ) and drops off on both sides of the narrow pore, reaching zero at Hierarchy of Physical Interactions In GlpF, the strong electrostatic field of the channel z ϭ Ϫ12 and 24 Å . Neglect of the low-dielectric membrane environment results in a 2 kcal/mol downshift of keeps the excess charge away from the NPA site and forces the unprotonated chain into a bipolar organiza-the barrier but does not alter the shape of the ESP. In the single-file region, the ESP for the movement of a tion. The above results suggest that the following hierarchy of molecular interactions is at play in the control of positive charge is similar to the PMF for the transfer of an excess proton. Both profiles peak at the same loca-structural diffusion in the GlpF channel: ion-channel Ͼ ion-water Ͼ water-channel Ͼ water-water. The first two tion and feature a shoulder at the selectivity filter, about 4 kcal/mol below the barrier top (Figure 5, top) . The inequalities are demonstrated by an analysis of the PMF for the transfer of an excess proton. Even though ion-have severe shortcomings to represent the electrostatic response of hydrogen-bonded water molecules in nar-water and water-channel interactions are optimized in configuration III, where the bipolar organization of water row pores . Probable mitigating factors in the present case include the relative rigidity of the provides adequate solvation of the positive charge and satisfies the preferred arrangement of the unprotonated GlpF channel (Jensen et al., 2001 ) and the fact that overwhelming features governing ionic blockage, rather water chain (B), ion-channel interactions make it the least likely conformation of the protonated chain. The than the subtle balance of effects involved in ionic solvation and permeation through ion channels, dominate the precedence of ion-water interactions over water-channel interactions is demonstrated in conformations I and present results. PB calculations also suffer from the uncertain choice of dielectric constants for the mem-IV, where the intrusion of an excess proton at either end of the single-file region is sufficient to polarize the water brane and the protein interior. The electrostatic gradients obtained with different dielectric representations chain fully despite the intrinsic preference for bipolar conformation B over A and C in the absence of H ϩ . Water of the membrane (i.e., ⑀ membrane ϭ 2 and 80) are in excellent agreement in the pore region (see Figure 5) , showing responds to the ionic charge, whereas the comparatively rigid of the channel does not, so that the ionic PMF is that the effect of the membrane low dielectric is moderate in the narrow pore. Although this is only a rough dominated by interactions with the channel. Finally, the third inequality is evidenced by the preference for the estimate, the magnitude of the overall electrostatic barrier (over 10 kcal/mol) would be more than sufficient to bipolar orientation of the unprotonated water chain over the fully polarized conformations, which have been block proton transport effectively at physiological pH.
shown to be intrinsically favored over all other states in water chains confined in nonpolar environments (Pomè s
Protons versus Other Ions and Roux, 1998). In summary, these results highlight the The dominance of electrostatic forces suggests that the plasticity of the hydrogen-bonded water chain and show physical basis for the exclusion of protons may also that the orientational polarization of water molecules apply to other cations. However, while electrostatic graresponds first to the ionic charge, then to the permanent dients apply equally, in the first approximation, to ions charge distribution of the channel, and last to fluctuating of like charge, this effect may be expected to be modudipoles (i.e., other water molecules). lated by differences in the fine coordination of ionic species, particularly in single-file environments. Ion channels compensate for the partial dehydration of ions,
Limitations of the Model The overall agreement between the ESP and PMF pro-and harness structural differences in the first hydration shell of ions by mimicking the aqueous coordination files lends confidence to the results of both MD simulations and PB calculations, despite the limitations arising of permeating ions in narrow pores. Solvation of the aqueous proton by water molecules involves tricoordi-from the approximations underlying these two approaches. Approximations in the MD calculations re-nation of protonated water molecules in hydronium or
Zundel cations by three hydrogen-bond acceptors (Ag-ported here include the use of empirical force fields and the finite size of the model, together with restraints mon, 1995; Tuckerman et al., 1995). In the gA channel, this very coordination is provided by one backbone car-precluding water diffusion and limiting the dynamic part of the system to the close vicinity of the single-file pore.
bonyl group and two neighboring water molecules to each water O atom (Pomè s and Roux, 1996 . Pro-However, the analysis of Figure 2 indicates that our use of conformational restraints and of a finite-size model truding carbonyl groups of GlpF provide adequate tricoordination to water molecules in much of the single-only has a moderate effect on the structure and fluctuations of the pore contents. In addition, the consistency file region of the pore, whereas hydrogen-bond donation by Arg206 and the two Asn side chains of the NPA motifs between the properties of the water chain with the results of an earlier study of the channel tetramer in a compromise the ideal coordination of protonated water. The latter factor probably explains the relative delocal-hydrated membrane (Tajkhorshid et al., 2002) validates the neglect of lipid and of other monomers in the present ization of the excess proton near the NPA site, but does not appear to contribute significantly to the free energy study. In further support of our finite-size model, the analysis of a simulation of the tetrameric GlpF in a lipid profile of proton translocation. Thus, based on the present study, local solvation effects seem to play a second-membrane (Jensen et al., 2003) shows that electrostatic interactions of water molecules in the single-file region ary role in the exclusion of H ϩ from the GlpF channel. However, the hydration of alkali metal ions, with a larger with the lipid molecules and the other monomers in the tetramer are negligible. Moreover, limitations inherent number of water molecules in the first hydration shell, is very different from that of protons. For example, eight to the potential energy function used to describe unprotonated water are mitigated by the agreement between carbonyl groups stabilize K ϩ ions in the narrow selectivity filter of the KcsA potassium channel, providing "sur-the results obtained with very different force fields (Figures 2 and 3) . Thus, our molecular model captures the rogate solvation" to the permeating cation (Morais -Cabral et al., 2001) . Thus, it is likely that the scarcity of structure and fluctuations of the water chain despite differences in the size of the model and in the potential carbonyl groups, together with the absence of other groups suitable to the solvation of a cation in the amphi-energy function. PB calculations are plagued by the neglect of thermal fluctuations and the continuum de-pathic pore, would contribute much more significantly to the relative destabilization of other cations. By the scription of the membrane and of the water solvent. The continuum dielectric approximation has been shown to same token, in the case of anions it is likely that adverse solvation effects would take precedence over the elec-ion channel (Pomè s and Roux, 1996 . In its conducting form, gA forms a 24 Å long pore containing a trostatic potential energy. NH dipoles solvate permeating anions in the ClC chloride channel (Dutzler et al., single-file chain of up to eight water molecules. Contrary to that found in AQPs, this water chain mediates the 2002). In AQPs, only the NH 2 groups of Arg206 and of the two NPA Asn side chains can stabilize anions. Both relay of protons very effectively (Akeson and Deamer,  1991; Schumaker et al., 2000) . The dipole moments of the scarcity and the alternance of CO and NH 2 groups pointing into the lumen discourage the coordination of four indole rings located at each of the two lipid-water interfaces give rise to a moderate electrostatic field anions and cations alike.
which has been proposed to increase the proton affinity of water in the lumen relative to bulk (Gowen et al., 2002) .
Selectivity Filter
It was proposed that interruption of the hydrogen-However, this field is not strong enough to overcome the intrinsic preference of the unprotonated water chain for bonded chain prevents the passage of the excess proton through the selectivity filter of AQPs (de Groot and a fully (or nearly fully) polarized state (Pomè s and Roux, 1998 . In the absence of H ϩ , membrane voltage, Grubmü ller, 2001). The water distribution obtained by Tajkhorshid et al. (2002) , however, suggests that this and strong electrostatic gradients in the gA channel, there is no preference for one polarized conformation defect is transient in GlpF, appearing in turn between water molecules 1 and 2, and 2 and 3 (see Figure 2) . over the other. Contrary to GlpF, in gA the structure and fluctuations of the hydrogen-bonded network are Our results indicate that chain interruption does not have a significant effect in the presence of an excess proton.
governed by the properties of the water wire and modulated by short-range interactions with the channel, both Furthermore, the conserved Arg in the selectivity filter constitutes only a shoulder in the electrostatic energy hydrogen bonding, charge-dipole, and dipole-dipole (Yu and Pomè s, 2003) . Each of the single-file water mole-profile at the periplasmic vestibule region of GlpF, and does not oppose proton hopping in the single-file region.
cules is a good proton host thanks to the proper coordination by carbonyl groups lining the pore of the gA The lack of a barrier for proton movement past Arg206 (Figure 4) is somewhat surprising considering the strong channel (Pomè s and Roux, 2002) . Accordingly, the PMF for the translocation of an ionic defect in the pore of gA coulombic repulsion between two positive charges, but can be related to the contribution of other charged is nearly flat, with a slight (1 kcal/mol) preference for the middle of the channel (Pomè s and Roux, 2002) . In groups of the protein, such as Glu43, Glu152, and Asp207, to the electrostatic field of the protein in this addition, hydrogen-bond donation to carbonyl groups assists the translocation of a bonding defect by stabiliz-region (Jensen et al., 2003) . In fact, neither the transfer of an excess proton nor the preferential polarization of ing partially oriented conformations of the unprotonated water chain. Thus, gA solvates both ionic and bonding water molecules in the selectivity filter are determined by the charge on Arg206. By itself, the guanidinium group of defects (Pomè s and Roux, 2002) . The sensitivity of the relay mechanism to the charge distribution of the chan-Arg206 would tend to impose a bimodal orientation to nearby water molecules; in particular, water molecules nel, which is evidenced in the present study, was uncovered in a recent study of dioxolane-linked gA, where the 3, 4,… would point in the opposite direction to that observed in this and other studies (de Groot and Grub-movement of proton was shown to be modulated by conformational fluctuations exchanging locally dis-mü ller, 2001; Tajkhorshid et al., 2002; Jensen et al., 2003) . This shows that the charge-charge repulsion be-torted states of the channel on a (ns) time-scale commensurate with proton permeation (Yu and Pomè s, tween a cation and Arg206 is more than compensated by the electrostatic gradient culminating in the NPA re-2003). In these distorted states, the dipole moments of two carbonyl groups act as conformational switches gion, in accord with the analysis of Jensen et al. (2003) . Further studies will help clarify the role of specific com-modifying the preferred organization of the unprotonated chain and confining the excess proton through ponents of the channel in the control of structural diffusion and ion blockage in general.
dipole-dipole and charge-dipole interactions.
Mechanism of Proton Blockage Conclusions Because our PMF calculation for the excess proton is
By using a combination of methods comprising umbrella confined to the single-file region of the pore, we cannot sampling simulations with a polarizable/dissociable model conclude on the precise magnitude of the overall free and macroscopic continuum electrostatic calculations, energy barrier to proton transfer. Nevertheless, it should we were able to quantify the energetics of proton transbe noted that the approach of an excess proton into port through GlpF. The detailed picture of structural the narrow pore is opposed by the cost of polarizing diffusion and the reversible work for the translocation the unprotonated water chain, which, as indicated by the of ionic and bonding defects provided by the present turn PMF, is about 14 and 7 kcal/mol for the approach of study clarify the physical basis of proton blockage by H ϩ from the periplasm and from the cytoplasm, respec-AQPs. Tajkhorshid et al. (2002) noted the bipolar organitively (Figure 3) . Thus, the free energy barriers opposing zation of the water chain and remarked that the orientahop and turn steps each contribute to the molecular tion of water molecules is incompatible with the penetramechanism of exclusion of protons from the channel. tion of H ϩ into the pore from either side. The present study confirms the stringent control of water orientation Blockage versus Conduction but also indicates that, although it participates in the The above mechanism contrasts with that obtained for the rapid, passive transport of H ϩ in the gramicidin cat-exclusion of H ϩ from the pore, the bipolar organization ( z Ϫ zi ) 2 were used to carry out this umbrella sampling calculation Electrostatic forces were also shown to play an impor- Valleau, 1974, 1977) . Tajkhorshid et al., 2002) . One monomer, together with slabs and derivable reaction coordinate keeps track of the water moleof water molecules nearby, was retained, and the rest of the system cule(s) that are close to three hydrogen nuclei, yielding the location was discarded (Figure 1 ). The monomeric system consists of 3839 of the oxygen atom for a hydronium ion OH 3 ϩ and that of the shared protein atoms, 9 water molecules in the pore, and 1383 water moleproton in a symmetric Zundel ion (O 2 H 5 ) ϩ . The PMF profile of transfer cules in the bulk, for a total of 8315 atoms. The inner core, an of an excess proton in the water chain was computed from equiliborthorhombic region of 30 ϫ 14 ϫ 14 Å 3 and consisting of ‫0011ف‬ rium distributions of obtained from umbrella sampling simulations. atoms, was allowed to move during the MD simulations; the rest of A biasing potential energy function was imposed on to force the the system was kept fixed. tion time required to build the PMF profile for H ϩ translocation was 1996, 1998). Both force fields were used in the study of the turn 3.44 ns. step of the Grotthuss mechanism, whereas the PM6 force field was employed in simulations with an excess proton. PM6 is a polarizable and dissociable model of water that consists of O 2Ϫ and H ϩ moieties.
Electrostatic Calculations This empirical model has been shown to capture the essential fea-
We computed the total electrostatic potential (ESP) for the passage tures of the mechanism of H ϩ transport in biological proton ducts of a cation through the GlpFpore by solving the linearized Poisson-(Mei et al., 1998; Pomè s and . Boltzmann (PB) equation. The PBEQ module of CHARMM version Geometric constraints were applied on the single-file chain of 28 was used together with the set of optimized atomic radii for nine water molecules and on the bulk water to prevent the entrance amino acids (Nina et al., 1997) . All explicit water molecules were or exit of water into or from the single-file region of the pore. Planar removed from the molecular system. The ESP was computed with restraints were imposed on water molecules at the interface of single a cation placed at successive positions along the channel pore. In file and bulk. To check the consistency of this finite-size model, we the continuum approximation, the total electrostatic free energy of computed the distribution of oxygen and hydrogen atoms ( O , H ) the cation in the pore can be expressed as the sum of contributions of PM6 water molecules from a 2 ns simulation and compared it from the static field (which reflects the charge distribution of the with earlier results obtained from simulations of the full tetrameric protein) and from the reaction field (which is governed by the lowchannel immersed in an explicit lipid bilayer with periodic boundary dielectric boundaries). The radius of the cation was chosen as that conditions (Tajkhorshid et al., 2002) . The finite-size model offers the of sodium (Nina et al., 1997) because the hydration free energy of advantage of computational efficiency as well as allowing the study that ion, Ϫ98 kcal/mol (Burgess, 1978) , is comparable to that of of structural diffusion in the absence of water permeation. hydronium, Ϫ102 ( et al., 2001) . The cient of 5 ps Ϫ1 applied to all heavy atoms. Nonbonded interactions were calculated without any cut off. dielectric constants used in these calculations were respectively 2, 2, and 80 for protein, membrane, and water. A high-dielectric con-
Water Reorientation
The PMF profiles were computed as follows. The configuration of stant (⑀ ϭ 80) was assigned to the interior of the pore. No transmembrane voltage was applied. The calculation was repeated with the molecular system was recorded every 5 fs. The projection of the total dipole moment of the lumen content (water chain) on the a membrane dielectric constant of 80 to gauge the sensitivity of the results to the description of the membrane. Finally, the calculation z axis (channel axis) was calculated for each configuration at 
